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Computational Domain

e Cref =24.0inches (609.6 mm)
« Span =48 inch
« 100 * Cref in all directions
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Splitter Plate Original
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* Original span =48 inch 2
— Free-Slip wall @ tunnel
wall
« Extended span =55 inch
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Extended

-=-Exp Upper
—~Exp Lower
— RSW Wing span=48 inch,

Free slip
~— RSW Wing span=55 inch,
Viscous



Grid Information

(¢ ICEM CFD 14,0 : RSW_Grid2_MB
Fio Edt View info Sefings Windows Hep
= WGS9 ()| Geomsty | Mesh | Blocking | EdtMesh | Properies | Comiaits | Losds | Sclve Optons. | Output

BORALEIQR YV ETEBSHERXBEX

Hexa/Mixed Meshing Options ?

Hexahedral elements =
Scalable grids —
— Consistent mesh =
quality upon grid =
refinement =
Multigrid
—levels =3
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Grid Information

_

Number of nodes 1,911,235 5,892,737 15,427,625

NUGTIEL @ 1863680 5792768 15238.656
elements
Minimum grid angle 32.66° 32.37° 28.71°

Maximum aspect
ratio

First grid node @  0.000158”  0.000105”  0.000070”
Wall, inch (y*=0.6)  (y*~0.41)  (y*~0.26)
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Numerical Method @ ANSYS CFD

ANSYS CFX 14 ANSYS FLUENT 14

Coupled (U,V,W,P) solver Coupled (U,V,W,P) solver
— Pressure based — Pressure based

Convective discretization Convective discretization
— High-resolution scheme — 2"d order upwind

Algebraic multigrid Algebraic multigrid
Vertex centred Cell centred

N\

N
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Mathematical Model

 Ensemble-averaged |
mass, momentum and Wk o Lo
energy conservation | A Wal o moce

equations

e Turbulence model
— SST (Menter, 1994)

« Automatic choice of

20.0

U+

10.0

linear/logarithmic near
wall prOfiles = T 0 To00 o000

Automatic Wall Treatment
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CFX Solver, a = 2°

11

CFX-Solver Manager (on ottc0503) = R ]
File Edit Workspace Tools Monitors Help
|10%%| 2o ke BER @ e[ Ex
|| werkspace IFhm RSW Grid3 2deg 001 =]
% Momentum and Mass I = || 8 User Points o ==
1.0e400 067
Lift Coefficient
Normalized Residuals ! rnaen
05+
1.0e-01
0.4
1.0e-02 I
037
Grid i i
: ridl Grid 2 Grid 3 :
= 3
£ g
% 1.0e-03 %
| ]
S Ed
024
1.0e-04 o
1.0e-05 o
o
Drag Coefficient
1.0e-06 = 01 -
T T T T T T T T T T T T T
o 200 400 600 800 1000 200 400 600 800 1000
Accumulated Time Step Accumulated Time Step
—— RMS P-Mass RMS U-Mom == RBMS V-Mom RMS W-Mom = Monitor Point: CD' Menitor Point: GL
Bun Complets
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CFX Solver, a = 4°

CFX-Solver Manager (on ottc0503) |5
File Edit Workspace Tools Monitors Help

W% %7 Bre||Re BIEE @ Hix e 8|

|| workspace IFhm RSW Grid3 4deg 001 |
% Momentum and Mass W= |[% Us=r Points _Jol=
1.0e+00 — 08—
Lift Coefficient
. . 1 1 icien
Normalized Residuals
1.0e-01

06—

1.0e-02 o | 05+

4 04—
o Ll L L L
: Grid 1 Grid2 Grid3 :
L 1.0e-03 - £
g q g
g 2

034

1.0e-04 — 0.2

1.0e-05 — 1

R D Coefficient
1.0e-08 — 01—
T T T T T T T T T T T T T T T
] 200 400 600 800 o 200 400 600 800
Accumulated Time Step Accumulated Time Step
‘ —— RMS P-Mass RMS U-Mom —— RMS V-Mom RMS W-hom —— Monitor Point GD Monitor Point: GL

Run Complete 4
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CFX Solver Information, Steady-State

# of # of Total Wall
elements, |. i # of CPUs Clock
) iterations )
mio Time
Grid 1 1,86 411 12 1 h.56 2.85
min
Grid 2 5.79 300 36 1 h.45 8.85
min
Grid 3 15,24 300 108 1 h.43 23.48

min
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CEX Discretization Error, Steady-State

RSW, AoA = 2°

CL CcM CcD
0.530 -0.0385 0.0425
0.528
0.0380 0.0420
0.526 0.0415 -
0.524 -0.0375 | 0.0410
0.522
-0.0370 | 0.0405
0.520
0.518 -0.0365 0.0400
0.516 oo 0.0395
0.514 - ' 0.0390
0.512 - : : -0.0355 0.0385 - :

Coarse Grid Medium Grid Fine Grid Coarse Grid Medium Grid Fine Grid Coarse Grid Medium Grid Fine Grid

RSW, AoA =4°

CL ™M CcD

0.700 -0.008 0.0730

-0.007 - 0.0725 -
0.695

-0.006 0.0720

-0.005 -|
0.690 0.0715

-0.004 |

0.0710

0.685 -0.003 |

0.002 | 0.0705 -
0.680

-0.001 | 0.0700
0.675 0.000 0.0695 - .

Coarse Grid Medium Grid Fine Grid Coarse Grid Medium Grid Fine Grid Coarse Grid Medium Grid Fine Grid

14 © 2011 ANSYS, Inc. April 26, 2012



Lift Coefficient
—Draqg Coelhcier

Lift Coefficient
—Drag Coelhcier

FLUENT Solver, a =2°

Lift Canvergen)
—Drag Converge

6.00e-01 6.00e-01 6.00e-01
5 00e-01 5 00e-01 5 00e-01
4.000-01 4.000-01 | 4.008-01
300e-01 300e-01 300e-01
200801 - 200e-01 2 00e-01
1.00e-01 1.00e-01 1.00e-01
000e+00 000e+00 0 00e+00 ]
-1 00e-01 -1 00e-01 -1 00e-01
0 50 100 150 200 250 300 0 50 100 150 200 250 300 850 400 450  50C 0 200 400 600 BOO 1060 1200 1400 1600 1BOD 2000
Iterations Iterations Iterations
Mar 20, 2012 Mar 20, 2012 Apr 16, 2012
ANSYS FLUENT 14.0 (3d, dp, pbns, lam}) ANSYS FLUENT 14.0 (3d, dp, pbns, lam}) ANSYS FLUENT 14.0 (3d, dp, pbns, sstkw)
Grid 1 Grid 2 Grid 3
Hesiduals Hesiduals Residuals
—cantnuih —canijnuih —canijnuih
X-veloc! X-veloc! X-veloc!
— !SEEIE 18400 5 — !SEEIE 18400 5 — !SEEIE 18400 5
preray preray preray
[ _omega | 101 L _omega | 1e-01 [ omega | 1e-01
fe-02 fe-02 o fe-02 o
1e-03 1e-03 1e-03
Te-04 Te-04 <% Te-04
1e-05 1605 <. 1e-05
Te-08 Te-08 o Te-08
108 108 108
1009 4 1009 4 1009 4
1e-10 1e-10 1e-10
0 50 100 150 200 250 300 900 320 940 960 980 400 420 440 460 480 500 0 200 400 600 BOO 1000 1200 1400 1600 1BOO 2000
Iterations Iterations Iterations
Scaled Residuals Apr 16, 2012 Scaled Residuals Apr 16, 2012 Scaled Residuals Apr 16, 2012
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ANSYS FLUENT 14.0 (3d, dp, pbns, sstkw)

© 2011 ANSYS, Inc. April 26, 2012

ANSYS FLUENT 14.0 (3d, dp, pbns, sstkw)

ANSYS FLUENT 14.0 (3d, dp, pbns, sstkw)
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CFX: Eta=0.3
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-=-Exp Upper

—CFX Coarse Grid Upper
Surface

CFX Medium Grid Upper
Surface

—CFX Fine Grid Upper
Surface

——Exp Lower
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-=—Exp Upper

—FLUENT Coarse Grid Upper
Surface
FLUENT Medium Grid
Upper Surface

—FLUENT Fine Grid Upper
Surface

——Exp Lower

—FLUENT Coarse Grid Lower
Surface

—FLUENT Medium Grid
Lower Surface

—FLUENT Fine Grid Lower
Surface

0.5
—CFX Coarse Grid Lower
Surface
1 —CFX Medium Grid Lower
L Surface
15 —CFX Fine Grid Lower

0 0.2 0.4 0.6 0.8 Surface
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CFX: Eta=0.588
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0 0.2 0.4

0.6 0.8

-=-Exp Upper

—CFX Coarse Grid Upper
Surface

CFX Medium Grid Upper
Surface

—CFX Fine Grid Upper
Surface

——Exp Lower

—CFX Coarse Grid Lower
Surface

—CFX Medium Grid Lower
Surface

—CFX Fine Grid Lower
Surface
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FLUENT: Eta=0.588
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-=-Exp Upper

—CFX Coarse Grid Upper
Surface

CFX Medium Grid Upper
Surface

—CFX Fine Grid Upper
Surface

——Exp Lower

—CFX Coarse Grid Lower
Surface

—CFX Medium Grid Lower

@ Eta=0.8 & 0.951
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1 Surface
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Surface
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Surface
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FLUENT: Eta=0.951
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Mach Number, AoA = 2°, Eta=0.588,

Grid 1 Grid 2 Grid 3

Mach Number 4 Mach Number 4 Mach Number

Contour 1 ! | Contour 1 ! | Contour 1

| 1.10 | 1.10 | 1.10 \
1.00 1.00 1.00 |
0.90 | 0.90 | 0.90 |
0.80 | 0.80 | 0.80 |
0.70 | 0.70 | 0.70 |

‘ 0.60 ‘ ‘ 0.60 ‘ | 0.60 |

0.50 | 0.50 | 0.50 |
0.40 | 0.40 | - 0.40

| 0.30
I 020
TN 0.10

030 | | 030 |
I 020 I I 020 I
0.10 | B 0.10 |

CFX

2 1 e i 2 1 ren 90_01k g, 501w

Mach Number SRS Mach Number S Mach Number

Contour 1 | Contour 1 Contour 1
1.10 1 1.10 110

F 1.00 | F 1.00 | F 1.00
090 | 090 | 090
0.80 1 0.80 1 0.80 |
070 | 070 070 |

[ 060 | [ 060 ‘. l 060 |

0.50 | 0.50 | 0.50 |
0.40 | 0.40 | 0.40 ;' ‘I

0.30 "‘ | 0.30 | 0.30
quo | quo quo
0.10 | w 0.10 | | 2. 0.10

FLUENT

L ATy —— [ T e S - 043 B30, sty 133000 e
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Unsteady-State Calculation

* Pitching oscillations

 Mesh displacement
— Harmonic wing motion
— A*sin(omega*t)

* |nitial condition
— Converged steady-

state solution

* Monitor frequencies
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Numerical Information

 Transient scheme « Time steps per period
— Second order — Runl: 32 >3.125 ms
backward Euler — Run?2: 64 >1.562 ms
« Convective — Run3: 128 > 0.781 ms
discretization » Total time =5 * period
— High Resolution — 32 *5 =160 iterations
 Initial condition — 64 *5 =320 iterations

— Steady-state solution — 128*5 = 640 iterations

22 © 2011 ANSYS, Inc. April 26, 2012



CFX: RMS Residuals & Inner Loops
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CFX, Grid 2, # of Coefficient Loops

Number of Coefficient Loops per Iteration/Time step
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Drag: Temporal Error
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Draft: Spatial Error
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RSW, 10 Hz, C
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L] —
CFX: Eta=0.3
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P Magnitude
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FLUENT: Eta=0.588
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CFX: Eta=0.8
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t=0.0015625
2 . —CFX, Fine Grid, LS,
i t=0.0015625
0 T T T T
0 0.2 0.4 0.6 0.8
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—=—Exp Lower
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FLUENT: Eta=0.8

\
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1 FLUENT: Eta=0.951
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Summary & Outlook
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« ANSYS CFD calculation of a forced oscillation
pitching motion of a Rectangular Supercritical Wing

« Detailed quality assurance of numerical errors
— Iteration error
— Discretization error (Sptial and temporal)

« Discrepencies to experimental data at the upper
surface close to the splitter plate

« Systematical error

— Model splitter plate, tunnel wall, incoming bl
* Model error

— Run different turbulence models
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